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Cytokinin oxidase/dehydrogenase (CKX) was extracted
and partially purified from intact leaves of Cucurbita
pepo (zucchini) and its activity determined by an in vitro
assay based on the measurement of the rate of
conversion of [2-3H]iP to [2-3H] adenine. The optimum
incubation time of the enzyme reaction under standard
assay conditions was 3h. Under these conditions the
conversion of the substrate was almost linear and did
not exceed 20%. The addition of copper-imidazole
complex to the assay mixture resulted in a significant
increase in the enzyme activity compared with the
standard assay, especially during the first 6h of incu-
bation. The partially-purified enzyme extract exhibited a
pH optimum at pH7.0–7.5 (Tris-HCl). The biochemical
properties of zucchini enzyme preparations are
discussed in view of the existing evidence for bio-
chemical diversity of CKX.
Plant tissues may reduce levels of biologically-active
cytokinins by means of cleavage of the unsaturated
isoprenoid N6 side chain of endogenous cytokinins and their
ribonucleosides, converting them to adenine or adenosine
and the corresponding isopentenyl aldehyde. Cytokinin
oxidase – an enzyme that is widely distributed in plants –
is responsible for the irreversible destruction of cytokinin
structure resulting in complete loss of biological activity (EC
1.4.3.18) (Armstrong 1994, Hare and Van Staden 1994).
The metabolic control of CKX by its substrate – found in
Phaseolus tissues – suggests a very distinct role for this
enzyme in the regulation of endogenous cytokinin content
in plant cells (Chatfield and Armstrong 1986, Kamínek and
Armstrong 1990). A positive correlation between levels of
endogenous or externally-applied cytokinins and CKX
activity has been also established in other plant material
(Dietrich et al. 1995, Motyka et al. 1996, Motyka et al.
2003). Recent data on cytokinin oxidase gene expression
in maize suggest that under non-stress conditions CKX
plays a role in controlling growth and development via
regulation of cytokinin levels by controlling cytokinin flux via
the xylem (Brugière et al. 2003).
CKX from higher plants has for a long time been classified
as a copper-containing amine oxidase, which requires
molecular oxygen as the oxidant (Hare and Van Staden
1994). However, based on the finding of Galuszka et al.
(2001) showing that purified wheat CKX has a typical
dehydrogenation manner of cleavage of unsaturated side
chains, the enzyme has been reclassified as cytokinin
oxidase/dehydrogenase (EC 1.5.99.12) (CKX). Very recent
data obtained using the recombinant flavoenzyme from
maize have shown that the enzyme displays a dual catalytic
mode for oxidative degradation of cytokinins: a low-rate and
low-substrate specific reaction with oxygen as the electron
acceptor, and high activity and strict specificity for
isopentenyladenine, and analogous cytokinins with some
specific electron acceptors like p-quinone or similar
compounds (Frebortova et al. 2004).
CKX isolated from various higher plants shows a definite
preference for iP-type cytokinins (iP, N6-(∆2-isopentenyl)
adenine and iPR, N6-(∆2-isopentenyl) adenine 9-riboside)
as substrates and recognises Z (trans-zeatin) and ZR (trans-
zeatin 9-riboside) to a lesser extent (Chatfield and
Armstrong 1986, Kamínek and Armstrong 1990, Armstrong
1994, Motyka and Kamínek 1994). While the substrate
specificity of CKX is highly conserved, marked variations
in the molecular properties (molecular masses, pH optima,
kinetic constants, sensitivity to copper-imidazole complex)
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of enzymes isolated from different plant species have been
found (Kamínek and Armstrong 1990, Armstrong 1994, Hare
and Van Staden 1994). The molecular masses reported for
CKX from different plant sources vary from 25kDa to 94kDa
and pH optima range between 5.0 and 9.0 (Armstrong 1994,
Hare and Van Staden 1994). These variations may be due
to a different degree of glycosylation of the enzyme leading
to variation in molecular forms of CKX differing in both their
biochemical properties and localisation within plant cells
(Kamínek and Armstrong 1990, Motyka and Kamínek 1994,
Motyka et al. 2003). The diverse properties of CKX which
correspond with the structural heterogeneity of the enzyme
may indicate the existence of more than one class of
enzyme participating in cytokinin degradation.
CKX activities have been detected and are well
characterised in various plant materials, such as Zea mays
kernels (Whitty and Hall 1974, McGaw and Horgan 1983),
Vinca rosea crown gall tissue (McGaw and Horgan 1983),
Triticum aestivum embryos (Laloue and Fox 1989) and
callus tissues from several plants (Chatfield and Armstrong
1986, Kamínek and Armstrong 1990, Motyka and Kamínek
1992, Motyka et al. 2003). However, much less is known
about the biochemical properties of CKX in intact
differentiated leaves. Data reported so far refer mainly to
changes in CKX activity in detached leaves of non-
transformed and transformed tobacco plants expressing ipt
(a bacterial gene responsible for cytokinin biosynthesis). It
was shown that the enhanced accumulation of endogenous
cytokinins after derepression of ipt gene transcription was
accompanied by a significant increase of CKX activity
(Motyka et al. 1996), which is associated predominantly
with the glycosylated form of the enzyme (Motyka et al.
2003). In addition, high CKX activity is found in young intact
leaves of both wild-type and ipt gene-expressing transgenic
tobacco plants, suggesting developmental differences in
enzyme activity regulation (Motyka et al. 1996). Therefore,
the detailed characterisation of CKX in intact differentiated
leaves needs further investigation. This may help to increase
the present knowledge of the diverse properties and
physiological role of this crucial enzyme in maintaining the
balance of physiologically-active cytokinins in leaves.
In the present work, we have studied some biochemical
properties of CKX preparations isolated from intact leaves
of Cucurbita pepo (zucchini) plants.
Seeds of Cucurbita pepo L. (zucchini), cv. Cocozelle, were
germinated on moistened filter paper for 96h in darkness
at 28°C. The four day-old etiolated seedlings were grown
further on nutrient solution (Yamagishi and Yamamoto 1994)
in a growth chamber at a photon flux density of 100µmol
m–2s–1, 26 ± 2°C, relative humidity 70% and a 12/12h
day/night photoperiod. Plants were grown for up to five
weeks from the onset of germination. The plants at this age
had 10 well-developed differentiated leaves. Samples were
collected from the 4–6th differentiated leaves of five week-
old plants, frozen in liquid nitrogen and stored at –70°C.
The enzyme preparations were extracted and partially
purified by the method of Chatfield and Armstrong (1986),
as modified by Motyka and Kamínek (1994). The frozen
plant material was homogenised with cold extraction buffer
(100mM Tris-HCl, pH 7.5) in a 1:2 (w/v) ratio. The
homogenate was then filtered through a polyvinylpoly-
pyrolidone (PVPP) column. After centrifugation of the filtrate
(16 000g, 20min), the nucleic acids and nuclear proteins
were removed by polyethyleneimine (polymin P, 1% v/v,
pH7.5) added drop-wise to the supernatant (40µlml–1 of
supernatant). Proteins were precipitated by the addition of
solid ammonium sulphate to 80% saturation. After 30min,
the resulting precipitate was collected by centrifugation (20
000g, 20min) and stored at –20°C.
CKX activity was determined by in vitro assay based on
the measurement of the rate of conversion of [2-3H]iP to
[2-3H]adenine. The assay mixture for the standard CKX
assay contained 100mM Tris-HCl (pH 7.5), 2µM substrate
([2-3H]iP, specific radioactivity 200µCi/µmol), and enzyme
preparations equivalent to 50mg FW (in 50µl final volume).
The assay mixture for the copper-imidazole-enhanced
reaction (50µl final volume) contained 100mM imidazole
buffer (pH6.5) containing 25mM sodium acetate and 20mM
CuCl2, 2µM substrate ([2-3H]iP, specific radioactivity
200µCi/µmol) and enzyme preparations equivalent to 50mg
FW. After incubation at 37°C for a definite time (1, 3, 6,
21h), the reaction was terminated by the addition of 10µl
of Na
4
EDTA (200mM) and 120µl of cold 95% (v/v) ethanol,
which contained unlabelled iP and adenine (0.75mM each).
Separation of the substrate from the product of the enzyme
reaction was achieved by TLC on microcrystalline cellulose
plates developed with the upper phase of the mixture
containing ethyl acetate:n-propanol:water (4:1:2, v/v). The
radioactivity of the zones containing iP (Rf 0.8–0.9) and
adenine (Rf 0.2–0.3) was estimated by liquid scintillation
using a Beckman scintillation counter.
The pH optimum of the CKX activity was examined in
three different buffers in the assay mixture covering the pH
range 6.0–9.5: bis-Tris (pH adjusted to 6.0, 6.5, 7.0), Tris-
HCl (pH adjusted to 7.0, 7.5, 8.0) and TAPS (pH adjusted
to 8.5, 9.0, 9.5). The enzyme reaction was performed as
in the standard assay, using buffer of each pH value with
an incubation time of 3h.
The dependence of the conversion of iP (substrate) to
adenine (product) on the time of incubation showed that
conversion of the substrate was almost linear during the first
3h of incubation in Tris-HCl and did not exceed 20% (Figure
1A). Besides, the activity of CKX also increased until the third
hour of incubation (Figure 1B). Based on this result the
incubation time of 3h was chosen as the optimum time for
the enzyme assay. Replacement of Tris-HCl with the copper-
imidazole buffer resulted in a higher rate of conversion of the
substrate (56% iP was degraded after 6h of incubation)
(Figure 1A). Furthermore, in the presence of the copper-
imidazole complex the activity of CKX was 4.8-, 2.1- and 2.2-
fold higher when determined after 1, 3 and 6h of incubation,
respectively (Figure 1B). The different activities of CKX in the
two buffers resulted in different dynamics of conversion of iP
to adenine during prolonged incubation. Faster conversion of
the substrate in the copper-imidazole buffer was accompanied
by a progressive decrease of substrate availability and CKX
activity during incubation as compared to incubation in the
Tris-HCl buffer (Figures 1A, 1B).
The stimulation of CKX activity in vitro in the presence
of copper and imidazole represents one of the specific
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characteristics of the enzyme (Chatfield and Armstrong
1987, Kamínek and Armstrong 1990, Armstrong 1994,
Motyka and Kamínek 1994, Motyka et al. 1996, 2003).
Furthermore, the stimulatory effect of copper-imidazole
complexes on CKX activity is not species-specific and is not
limited to dicotyledonous plants (Motyka and Kamínek 1994).
The activity of CKX obtained from non-transformed, ipt-
transformed and tetracycline-(Tc)-induced tobacco calli was
increased more than four times in the presence of the same
copper-imidazole complex (Motyka et al. 1996). Kamínek
and Armstrong (1990) reported that the activity of CKX from
Phaseolus vulgaris L. cv. Great Northern callus cultures
could reach values of more than 50-fold of those observed
in the standard assays near the limits of solubility of the
copper-imidazole complex. As the enhancement of the
enzyme activity was not affected by anaerobic conditions,
it has been suggested that copper-imidazole complexes
probably substitute for oxygen in the reaction mechanism
(Chatfield and Armstrong 1987). The recent understanding
of the dehydrogenation mechanism of CKX activity
(Galuszka et al. 2001) indicates that the stimulatory effect
of copper-imidazole is associated with electron transfer
during the catalysis of iP degradation.
The diversity in pH optima of CKX preparations obtained
from different plant materials is well documented (Kamínek
and Armstrong 1990, Hare and Van Staden 1994, Motyka
and Kamínek 1994, Motyka et al. 1996). In most plant tissues
studied, CKX showed maximum activity at pH 6–7 (Whitty
and Hall 1974, McGaw and Horgan 1983, Chatfield and
Armstrong 1986, Laloue and Fox 1989). Higher values for
the pH optimum of CKX (8.5–9.0) were also reported
(Kamínek and Armstrong 1990, Motyka and Kamínek 1992,
Motyka and Kamínek 1994). Pronounced differences in the
pH optima (pH6.5 and 8.4, respectively) of glycosylated and
non-glycosylated forms of CKX were found in cultured
tissues of two Phaseolus species of closely related
genotypes (Kamínek and Armstrong 1990), suggesting the
existence of two different isoforms with different
compartmentation within plant cells, thus affecting the
regulation of cytokinin degradation in plant tissues.
Significant differences were also found between the pH
optima of CKX in cells (pH 8.5) and in the cultivation medium
(pH 6.0) of ipt-transformed tobacco cell suspension cultures
(Motyka et al. 2003). Further evidence for the variations in
pH optima of CKX is the ability of the enzyme to exhibit two
peaks of activity (one major peak at pH 6–7 and one minor
peak at pH 8.5), reported for Zea mays kernel enzyme
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Figure 1: Dynamics of the in vitro conversion of [2-3H]iP to [2-
3H] adenine by partially-purified CKX extracts (A) and CKX activity
(B) in leaves of Cucurbita pepo (zucchini) plants. CKX preparations
were obtained from the 4-6th differentiated leaves of five week-old
plants extracted with 100mM Tris-HCl (pH 7.5). The assay mixture
contained either 100mM Tris-HCl (pH 7.5) for the standard assay
(--) or 100mM imidazole buffer (pH 6.5), containing 25mM sodium
acetate and 20mM CuCl2 for the copper-imidazole-enhanced
reaction (- -). The CKX activity was examined at different
incubation times, as described in Materials and Methods. The
values represent the means of two replicates. The SE values
averaged 7% and did not exceed 10% of the means
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Figure 2: The effect of pH on the in vitro activity of partially-purified
cytokinin oxidase/dehydrogenase (CKX) extracts from leaves of
Cucurbita pepo (zucchini). CKX preparations were obtained from
the 4-6th differentiated leaves of five week-old plants homogenised
with 100mM Tris-HCl (pH 7.5). The CKX assays were performed
in the presence of the following buffers (100mM in the assay
mixture): bis-Tris (-  -), Tris-HCl (- -) and TAPS (-  -) at each pH
value, as described in Materials and Methods. The values represent
the means of two replicates. The SE values averaged 9% and did
not exceed 13% of the means
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(Whitty and Hall 1974). This suggests the existence of two
molecular forms of the enzyme in this tissue. On the other
hand, CKX preparations from wild-type and ipt gene-
expressing transgenic tobacco calli, exhibited the same wide
range of pH optima between 6.5 and 8.5 without any
significant peak (Motyka et al. 1996). Little information with
regard to the pH optima of CKX preparations isolated from
intact differentiated leaves is available in the literature. Our
results showed that the partially-purified enzyme extract from
intact zucchini leaves exhibited a pH optimum at pH7.0–7.5
in the presence of Tris-HCl buffer (Figure 2). The biochemical
properties of CKX reported in this work could be used for
further studies of the CKX activity in relation to the control
of endogenous cytokinin content in intact zucchini leaves.
The results also once again demonstrate that when working
with cytokinins and the CKX enzyme system, the system
must be carefully characterised and generalisations avoided.
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